Abstract Nano-composite thin films of poly(3,4-ethylenedioxythiophene) poly(styrene-sulfonate) (PEDOT: PSS) with different loading concentrations of multi-walled carbon nanotubes (MWCNT) were deposited on glass substrates using inkjet printing and spin coating techniques. The surface energy of the substrate was modified using an oxygen plasma to achieve different degrees of wetting by the composite solution. We show that the electrical properties strongly depend on the wetting of the substrate and by controlling the wettability, the conductivity of the nano-composite samples can be improved. Based on polymer conductivity, the electrical conductivity of the composite film can be improved or degraded by orders of magnitude with the incorporation of the same concentration of MWCNT. Moreover, electrical measurements show strong correlation between the conductivity of the carbon nanotube network and the resulting nanocomposite films. The dependence of electrical properties on the wettability and the conductivity of the composite components could explain the diversity in the electrical behaviour reported in the literature for PEDOT:PSS/MWCNT nanocomposite thin films.
Introduction
There is a considerable interest in using the conductive polymer poly (3,4-ethylenedioxythiophene) poly(styrene-sulfonate) (PEDOT:PSS) in many electronic applications due to the properties this polymer offers such as high transparency in the visible range, high stability under ambient environments, mechanical flexibility and solution processability [1] [2] [3] . In addition, its high work function (∼5.1 eV) makes it a very effective hole transport layer in optoelectronic devices [4] . However, the moderate conductivity of PEDOT:PSS limits its use in a number of applications which require a metal-like conductivity. For this reason, intense efforts are ongoing to improve the conductivity of these polymers using different techniques. One of the most common routes used is adding conductive nano-materials such as carbon nanotubes to the polymer matrix. It has been shown that mixing carbon nanotubes with PEDOT:PSS improve the conductivity of the pristine polymer. The improvement in the electrical properties was attributed to the conductive nanotubes network which contributes to the conduction and also connects the conductive PEDOT islands in the composite film [5] [6] [7] [8] . Contradictorily, some studies report a decrease in the conductivity of such composites after the addition of nanotubes and explain this in terms of the contact resistance between the nanotubes, the nanotubes and the polymer chains and the effect of the insulating functional groups used to disperse the nanotubes [6, 9, 10] . In addition, it is noted from a number of studies on the electrical behaviour of PEDOT:PSS/carbon nanotube (CNT) composite that the variation in the conductivity of the polymer after the addition of the nanotubes is within the intrinsic conductivity values of the polymer. The disparity in the reported results and the behaviour of these composites could be due to variations of the surface tension after adding nanotubes, conductivity of the pristine polymer, and the conductivity of the percolated CNT network having not been fully considered. The effect of using additives, solvent and/or surfactant, such as glycerol, dimethyl sulfoxide and sorbitol on the surface tension of PEDOT:PSS solution and the electrical properties of the resulting films has been reported in many studies [11] [12] [13] [14] . The change in the electrical properties is attributed to the morphological changes especially the roughness of the samples. These effects should also be involved in the case of PEDOT:PSS/CNT composites, since the addition of carbon nanotube suspensions to the conductive polymers is usually accompanied with a change in the surface tension of the composite solution which makes the comparison of the nano-composite and the pristine polymer conductivities invalid. Moreover, the types of CNT and polymer are very important and have a significant effect on the percolation threshold and the conductivity of the resulting composite [15] [16] [17] [18] [19] .
The purpose of this paper is to contribute to the research in the field of conducting nano-composite by further examination of the factors that affect the conductivity of the nanocomposite samples. The paper shows the effect of wetting variations on the electrical properties of the printed polymer samples, and its impact to the overall electrical performance of the nano-composite thin films. Moreover, the paper presents the electrical performance of these composites when adding carbon nanotubes to different types of the conductive polymer PEDOT:PSS. We believe that these factors are of considerable significance and investigating their effects would allow for a better understanding of the performance of such composites.
Experimental details
In this study, the conductive polymer PEDOT:PSS (CLEVIOS™ P Jet HC and P Al 4083) was purchased from CLEVIOS. Multi-walled carbon nanotubes (MWCNT) (product no. 694185) were purchased from Sigma-Aldrich. In order to mix CNT with the water-based PEDOT:PSS ink, CNTs were acid functionalized following the procedure reported by Hatton et al. [20] . 250 mg of MWCNTs were placed in a round bottom flask and mixed with a 1:3 mixture of nitric acid and sulphuric acid using a sonication bath for 10 min to disperse the nanotubes with the acid mixture. Subsequently, the nanotube-acid mixture was refluxed at 130°C for 1 h. Then, the mixture was diluted with deionized water and centrifuged for 10 min at 8,500 rpm. The supernatant acid was removed and the remaining solid content washed with deionized (DI) water several times over a 0.2-μm polycarbonate filter. In order to disperse CNTs in DI water, the filter was immersed in DI-water and agitated for few minutes using a sonication bath. The dispersion was centrifuged three times at 8,500 rpm for 10, 20 and 30 min, respectively. Each time, the supernatant was collected and centrifuged again until a black, clear and stable suspension was obtained. The MWCNT suspension was diluted with DI water to obtain different concentrations from 0.02 to 0.08 wt.% and a constant volume from each concentration was then added to the PEDOT:PSS solution in order to maintain the surface tension in all samples, including the pristine polymer. After adding nanotubes, each sample was sonicated for 30 min to obtain a homogeneous mixture. Samples were then deposited on glass substrates using two techniques: inkjet printing (Dimatix 2831 printer at driving voltage of 18 V, drop spacing of 20 μm, jetting frequency of 5 KHz and room temperature) and spin coating technique (at 2,000 rpm for 1 min). To achieve different degrees of wetting of the substrate by the solution, substrates were cleaned by sonication for 5 min in acetone, isopropanol and methanol, respectively. After each cleaning step, the substrates were dried with nitrogen. Then, the substrates were treated with oxygen plasma (RF power of 100 W, O 2 flow rate of 15 SCCM and process pressure of 200 mTorr) for 1, 5 and 10 min.
Scanning electron microscope (FEI Quanta 200) was used to image the samples with 5-kV accelerating voltage and spot size of 3 nm. A Veeco Dimension 3100 atomic force microscope was used in tapping mode to obtain the profile and thickness of the printed samples. Transmission line method along with a Keithley 4200-SCS (semiconductor characterization system) were used to carry out electrical measurements. I-V curves were recorded over different lengths of the sample and the sheet resistance was obtained from the plot of resistance versus length. The contact angles were measured using KRÜSS EasyDrop contact angle kit.
Results and discussion
Wetting properties can be evaluated by measuring the contact angle made by a liquid droplet on a solid surface. The contact angle is a measure of the spreading of a liquid on a solid surface and can be used to calculate the energetics of the solid-liquid, vapour-liquid and solid-vapour interfaces. The contact angle of a droplet at equilibrium is given by the following Young's relation [21] :
Where θ Y is the Young contact angle, γ lv is the liquidvapour surface tension, γ sv is the solid-vapour surface tension, and γ sl is solid-liquid surface tension. The images of PEDOT:PSS droplets on glass substrates are shown in Fig. 1 . The contact angle of the droplet on solvent cleaned substrate (Fig. 1a) is about 13.3°and decreases to about 6.1°on a 5-min plasma-treated substrate (Fig. 1c) , which indicates the increase in the surface energy of the substrate and hence, the improvement of wettability.
The impact of plasma treatment can also be observed from SEM images of the printed droplets where a significant change in the dried droplet shape occurred after the treatment. The figure also shows the effect of substrate temperature on the droplet shape as seen in (b) and (d). Furthermore, the figure illustrates the connection between the contact angle and the shape of the dried droplet where the smaller contact angle has more spreading and the more contact area when the droplet dries.
The variation in the profile of the printed PEDOT:PSS droplets as a result of substrate treatment and temperature is illustrated in Fig. 2 . It is observed in Fig. 2 that the printed droplet on solvent cleaned substrates is thicker with an average diameter of 41 μm. After plasma treatment, the wetting increases due to the increase in the surface energy of the substrate and a thinner droplet with large diameter (∼74 μm) is produced. The figure also shows the effect of the substrate temperature on the printed droplets and it is noted that the increase in the temperature does not allow the droplets to spread on the surface due to the higher evaporation rate of the solvent, which causes the droplet to dry over a small area. Furthermore, it can be observed that increasing the substrate temperature activates the "coffee ring" effect and produces non-uniform droplets with spiky edges. To avoid this effect, all the samples were printed at room temperature.
To study the effect of ink wetting on the electrical properties, the surface tension of PEDOT:PSS inks needs to be modified by adding different solvents and/or different solvent quantities in order to achieve different degrees of wetting on the substrate. However, this approach may make the comparison more complicated as the effects of many other factors, beside the change in surface tension, needs to be considered. These include the ink viscosity, printing driving voltage, droplet volume and speed. Therefore, in order to make a suitable comparison and to limit the effects to the influence of wetting, PEDOT:PSS samples were printed on four substrates with different surface energies at the same time (same print run) with identical printing conditions. The substrates were solvent cleaned and plasma treated for 1, 5 and 10 min and were maintained at room temperature during the printing process. A schematic of the printing process is shown in Fig. 3a . Figure 3b shows the variation of electrical properties of the printed samples as a result of the change in the wetting properties. It can be seen from the figure that sample with no treatment (less wetting) shows the lowest resistance and the resistance increases as the treatment time increases (more wetting). The resistance values of the non-treated, 1-, 5-and 10-min plasma-treated samples were found to be 191, 238, 260, and 302 kΩ, respectively. It should be noted that although there are changes in the dimensions (mainly thickness and width) of the printed samples as a result of the variation in the wetting, the length and the cross-sectional area remain the same. The cross-sectional area of the droplets was calculated by integrating the area under the profile curve in Fig. 1 Effect of substrate treatment and temperature on droplet wetting: contact angle and SEM images of PEDOT:PSS droplet printed at RT on a, b solvent cleaned and c, d plasmatreated substrates. e and f are SEM images of printed PEDOT:PSS droplets on plasmatreated substrate for 5 min and printed at 40 and 60°C, respectively Fig. 2 and the average values were found to be 1.11 μm 2 with slight variation of ±0.04 μm 2 for the various droplets. To understand how the geometries affect the electrical properties of the structure, we consider the definition of resistance which is given as follows [22] :
Where R is the resistance (Ω), ρ is the resistivity (Ω/ centimetre), l is the length (centimetre) and A is the crosssectional area (square centimetre). Now, as the length and cross-sectional area are the same for all the samples, the term (l/A) in the right hand side of the equation should be constant. This suggests that the changes in the I-V curve and resistance should be directly related to the variations in the intrinsic resistivity of the samples. The variation in resistivity may be explained in term of the microstructural changes in the printed samples due to the differences in the degree of wetting of the droplet on the different substrates as shown in Fig. 3a . Figure 4 shows the atomic force microscopy (AFM) images of topography of the printed samples with different treatment. In the non-treated sample (less wetting), very good packing density is observed with small-stacked polymer grains. This leads to a better overlap of the conductive chains, which enhances the conductivity of these samples. As the wetting increases with increasing substrate treatment time, droplets spread more and dry over larger areas and as a result, larger and more separated polymer islands are formed. This increases the distance between the conductive PEDOT particles, reduces their overlap, and the probability of carrier hopping from one chain to another, resulting in the degradation of electrical conductivity. Moreover, it increases the thickness of the insulating PSS shell at the grain boundaries and makes carrier transport between the conductive islands less likely [23] . In addition to the microstructural changes, the surface roughness of the printed samples is found to increase as the ink wettability increases. The roughness increases from 0.96 to about 1.27 nm for the solvent cleaned and 10-min plasma-treated samples, respectively.
The change in the electrical conductivity of the polymer as a result of the variation in the wetting degree could help to understand the reasons behind the different observations on the electrical behaviour of PEDOT:PSS/CNT nano-composite reported in literature. The disparity in the results (regardless of an improvement or degradation in electrical performance) could be mainly due to the change in the wettability of the final composite solution, especially as the nanotubes are usually dispersed in a solution and then added to PEDOT:PSS. This has a significant impact on the surface tension and wettability of the composite solution and hence, the microstructure and electrical properties. Moreover, the effect of the nanotubes on the morphology and structural disorders needs to be better understood. Table 1 shows some examples of sheet resistance values reported in the literature for PEDOT:PSS/CNT nano-composite.
In fact, it can be noticed that most of the reported highconductivity values of PEDOT:PSS/CNT composites in the literature are within the conductivity range of the pristine polymer. This suggests that, in many cases, the observed improvement in the electrical conduction of these composite may not be due to the incorporation of the nanotubes but merely the change in the surface tension as discussed previously, and as a result, the addition of the nanotubes is not justified. Furthermore, in many studies, the reported high-conductivity results were achieved with highly conductive versions of the PEDOT:PSS and, therefore, it is important to consider the conductivity of the polymer and the conductivity of a distributed percolated network of the nanotubes when making such composites. The conductivity of a network of nanotubes is limited by the contact resistance at junctions between the nanotubes. The contact resistance between two nanotubes has been measured and found in the range of hundreds of kΩ [24] . This highcontact resistance may prevent the nanotubes from contributing to the conduction process and also deteriorate the conductivity of the composite sample. However, the conductivity of CNT network can be significantly improved by increasing the Fig. 3 a Printing of PEDOT:PSS ink on four substrates with different surface energies at room temperature. b I-V curves showing the effect of substrate treatment on the resistance of printed PEDOT:PSS samples length of the nanotubes, which assists to reduce the percolation threshold and reduce the number of nanotube junctions [25, 26] .
To understand the effect of the polymer properties on the overall performance of the composite, we mixed carbon nanotubes with two different version of PEDOT:PSS, P Jet and P 4083. P Jet is a highly conductive polymer with conductivity values in the range of 30-90 S/cm, whereas P 4083 conductivity varies from 2×10 −4 to 2×10 −3 S/cm. Figure 5 shows the morphology and electrical behaviour of these composites with different concentrations of the nanotubes. The SEM images in Fig. 5 show the samples before and after the incorporation of the nanotubes. In both cases, the samples show smooth featureless surface before adding the nanotubes. After the addition of the nanotubes, the images present good distribution of the nanotubes in both samples and confirm the formation of a percolated network of carbon nanotubes at 0.08 wt.% concentration, which should have significant effect on the electrical properties of the polymer. It is observed from the electrical data in Fig. 5 that the influence of the nanotubes on the conductivity of the two composites is very different. Adding nanotubes to the highly conductive PEDOT:PSS version (P Jet) affects the conductivity in an adverse manner although there is a good dispersion of the nanotubes in the sample. The sheet resistance values of the pristine PEDOT:PSS samples were found to be in the range of 300-500 Ω/sq and increases for the composite films by about one order of magnitude with increasing CNT concentration from 0 to 0.08 wt.%. The degradation in the conductivity of the composite could be due to the increase in the structural disorder of the polymer chains and/or conducting grains after the incorporation of carbon nanotubes. The effects of disorder were studied and found to limit the conduction process in the conducting polymer PEDOT:PSS [27] . In the case of low conductivity, PEDOT:PSS with non-treated substrate, the sheet resistance decreases from about 10 8 to 10 6 Ω/sq over the same concentration range of CNT. This corresponds to conductivity value of 0.17 S/cm which is about two orders of magnitude higher than the intrinsic conductivity (2×10 −3 S/ cm) of the pristine polymer and can be attributed to the presence of the nanotubes in the film. So, adding the nanotubes to this type of PEDOT:PSS enhances the conductivity of the resulting composite. It can be seen from the figure that at a concentration higher than 0.04 % of CNT, the sheet resistance starts to decrease, which is indicative of the formation of a percolated conductive paths or networks within the film. This did not happen with the highly conductive PEDOT:PSS, although the same concentration of the nanotubes was used which support the important role of the polymer matrix. Another interesting observation from the figure is that the electrical percolation threshold in the composite with the lowly conductive PEDOT:PSS is shifted towards the higher value of CNT concentration after plasma treatment. The sheet resistance starts to decrease for the samples with different plasma treatment times (more wetting) at a concentration of the nanotubes higher than 0.06 wt.%. The shift of the percolation threshold can be attributed to the increase in the wettability which may disturb the nanotubes interconnection and as a result, higher concentration of the nanotubes is required to form percolated conductive network. It is noteworthy that the sheet resistance of CNT film of similar thickness range without the polymer was also calculated and found to be ∼4× 10 3 Ω/sq. The variation in the sheet resistance values of the inkjet printed functionalised (oxidised) nanotubes as a function of the number of the printed layers/thickness was studied and is shown in Fig. 6 . The electrical measurements indicate that as the concentration of the nanotubes increase, the overall conductivity of the nano-composite samples appear to converge to a singular value for both types of PEDOT:PSS, with CNT. The convergent value could be that of the CNT network without any polymer matrix (i.e., 100 wt.% concentration).
These results show that the conductivity of PEDOT:PSS/ CNT nano-composite film depends on the conductivity of the pristine polymer on the one hand and on the conductivity of CNT percolated networks on the other. Furthermore, the best conductivity to be achieved for such a composite is limited by both the conductivity of the polymer and carbon nanotube network, whichever is higher. The reported improvements in the conductivity of highly conductive PEDOT:PSS versions after the addition of the nanotubes in some studies, therefore, could be attributed to the structural changes due to the change in the wetting properties and can be achieved by controlling the wettability of the ink even in the absence of the nanotubes, especially if the improvement is within the conductivity range of the pristine polymer. This highlights the importance of tuning the interaction between the ink and the substrate and how these factors could be utilised to produce samples with improved electrical conductivity. Moreover, the nanotube network needs to be optimised in terms of the nanotubes' quality, their aspect ratio and dispersion, in order to make best use of their exceptional properties in improving the electrical performance of these conductive nano-composites.
Conclusions
The effect of wetting properties on the electrical conductivity of PEDOT:PSS was studied and used to explain the observed variation in the performance of PEDOT:PSS/MWCNT nanocomposite. The results show a significant effect of wetting on the conductivity of the films, which is mainly due to morphological changes induced by wettability variation. The changes in the surface tension of the nano-composite solution after the addition of the nanotubes could be the main factor behind the conductivity enhancement observed in many studies. In addition, the electrical performance of the composite was found to depend on the electrical properties of the conductive polymer and CNT network. Conductivity improvements by two orders of magnitude and degradation by one order were recorded after adding multi-walled carbon nanotubes to different types of PEDOT:PSS. Addition of carbon nanotubes to a conductive polymer matrix does not necessarily increase the conductivity of the resulting composite. The electrical properties of the initial materials used to make the conductive composites are of importance and dictate the electrical behaviour of such composites. The changes in the wetting properties and conductivity of the polymer and nanotube networks dictate the electrical performance of PEDOT:PSS/CNT, and should be considered when designing and analysing the performance of nano-composite materials.
